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The influence of the ion and water cloud shell on the structure of polyelectrolytes is very

important especially for small angle studies.

gyration of phenylalanine specific tRNA under

the present work the change in the radius of
the influence of various counterions was investig-

ated. tRNAPhe(yeast) was studied in different solutions ab pH 7.5, each containing only one
certain kind of cation. As cations lithium, cesium, barium and spermidin were used. The influence

of the ions on the radius of gyration of tRNA¥

he(yeast) was considerable. The value of R was

23.6 A with Li* ions, 26.2 A with Cst ions and 26.3 ‘A with Ba++ ions; these results are discussed.

Primary structure of many tRNA species have
been elucidated and the cloverleaf secondary struc-
ture by Holley [1] is generally adopted. Several
detailed models for tertiary structure of tRNA
‘molecules have been proposed [2—5]. From the co-
ordinates of the atoms, the radius of gyration and
the scattering curve of such models can be calculated
and compared with the experimental data, as was
done by Ninio et al. [3] and Connors e al.[4]. As a
rule it is not absolutely necessary to use the co-
ordinates of the single atoms [6] for the calculation
and often the coordinates are assigned only to the
scattering centers of base, sugar and phosphate
groups. This approximation has no decisive influence
on the calculated value of the radius of gyration or
on the inner portion of the scattering curve.

The comparison of the experimental small angle
X.ray data with those calculated for a particular
model involves another problem. The experimental
studies are carried out in solution and the influence
of the solvent, the counterions and additional
electrolytes on the radius of gyration is not well
known.

Since the problem of the structure of the water
shell could not be completely clarified even with
simple ions [7], the theoretical treatment of the
water shell and hydration presents very great diffi-
culties with a polyelectrolyte such as tRNA.

Therefore the influence of the water and ion cloud
shell is frequently ignored ; some authors [3,4] assign
one univalent ion to each phosphate group of the
tRNA molecule for the calculation.

Theoretically, polyions have discrete charged
groups, and for many calculations it is assumed that
counterions are bound only to these discrete groups.
In real polyions, however, a diffuse atmosphere of
counterions in which the distribution of the counter-
jons fluctuates must be assumed [7]. A theoretical
treatment of this problem, based upon a geometric
concept, was given by Luzzati et al. [8].

In order to compare the experimental data with
the data calculated for the various suggested models
it seemed important to discover more about the
influence of both hydration and the binding of
counterions. Consequently we investigated tRNAFhe
in solution in several cationic forms.

Similar studies were effected by Luzzati et al.[8]
and Bram[9] on DNA molecules; the authors
determined the mass per unit length and the radius
of gyration of the cross-section of DNA by using
various counterions. The results obtained by the two
groups are not in mutual agreement, as is discussed
in detail by Eisenberg and Cohen [10].

EXPERIMENTAL PROCEDURE
MATERIALS

Preparation of tRNAPhe(Yeast)
with a Certain Cation

77 mg of tRNAPhe from yeast prepared as
described earlier [1] was dissolved in 20 ml of
double-distilled water. 5 ml aliquots were dialyzed
once against 0.4 M sodium phosphate pH 7.0, twice



against bidistilled water, once against 0.4 M sodium
phosphate pH 7.0, twice against bidistilled water,
three times against 0.1 N of univalent cation (0.1 N
LiCl or 0.1 N CsCl), or three times against 0.01 N
divalent cation (0.01 N BaCl, or 0.01 N spermidine
chloride) solution and three times against double-
distilled water to remove excess ions. ’
The dialyzed solution was freed of dust by
passage along sintered glass and finally lyophilised.

Solutions Used for :
the Small Angle Measurements

The freeze-dried samples of tRNAPhe, each con-
taining only one certain kind of cation, were dissolved
in the following buffers: Li-tRNA in 0.05 M citric
acid/LiOH pH 7.5, additional 0.1 M LiCl; Cs-tRNA

in 0.05 M citric acid/CsOH pH 7.5, additional 0.1 M .

CsCl; Ba-tRNA in 0.05 M Tris, pH 7.5, in a second

series 0.05 M BaCl, was added; spermidine-tRNA.

in 0.05 M Tris, pH 7.5, in a second series 0.056 M
spermidine chloride was added. : :

METHODS

All small angle measurements were made with a
highly stabilized X-ray generator using a copper
tube at constant temperature (21°) and humidity of
the room.

The camera as described elsewhere [11] and the
_step-scanning device [12,13] used have been described
elsewhere. A proportional counter with pulse-height
discriminator was used as a detector for CuK lines.
Elimination of the CuKf line was effected as de-
scribed by Zipper [14]. A primary beam of line-
shaped cross-section was used; the experimental
curves therefore include the collimation effect: they
are “‘glit-smeared”. Thisis indicated in the figures by
a tilde (e.g. I, R).

The collimation effect was eliminated according

to the method of Guinier and Fournet [15] with the
help of a computer program written in the Graz
institute [16].

For the measurements, an entrance slit of 160 .
was used and the resolution corresponded to a
Bragg spacing of 550 A. All scattering curves were
normalized to unit concentration, that is, the Ifc-
values were plotted.

RESULTS

With each type of tRNAPhe (Li-tRNA, Cs-tRNA,
Ba-tRNA, spermidine-tRNA) several series were
investigated, whereby the concentration of tRNA
was varied from 2mg/ml up to 20 mg/ml. The -
concentrations used are given in Table 1 for the
series with different cations.

For better clarity the solutions investigated for
each series are numbered aceording to the tRNA con-
centration. The Guinier plots [17] of the correspond-
ing experimental scattering curves are numbered
in the same way and shown in Fig.1 for Li-tRNA
and in Fig.2 for Cs-tRNA. Fig.3 shows Ba-tRNA
without additional barium salt and Fig.4 Ba-tRNA
with the addition of 0.05 M BaCl,.

The statistical error is of course greater with
solutions of low tRNA concentration and causes
larger fluctuations of the measured intensity values.
The curves of the solutions with higher concentra-
tions of tRNA show deviations from the Guinier
straight line caused by interference effects.

The apparent radii of gyration obtained from the
slope of the slit-smeared curves shown in Figs.1—4
are also summarized in Table 1. (The scattering curves
of spermidine tRNA showed a divergent behaviour.
During X-ray irradiation, evolution of gas was
observed and apparently some decomposition had
occurred. Therefore a more detailed evaluation had
to be abandoned.)

In Fig.5 the apparent radii of gyration (R),
summarized in Table 1, are plotted against the con-
centration of the corresponding tRNAPRe in solution.
It can be clearly seen that the radius of gyration with
Li+ as cation is markedly smaller than with the

Table 1. Apparent radii of gyration (R) of tRNAPhe(yeast) at various cbmntmtions (c) of tRNA and with various counter ions

Li-tRNA Cs-tRNA Ba-tRNA Ba-tRNA (+ BaCly)
Fig.1 Fig.2 ~ Fig.3 - Fig.4 -
Curve 4 R Curve c R Curve ¢ R Curve ¢ R
No. No. No. No.
mg/ml X mg/ml X mg/ml X mg/ml X
1 2.5 22.7 1 2.5 25.6 1 2.5 25.7 1 3.0 25.5
2 5.0 22.5 2 5.0 25.7 2 5.3 25.5 2 5.0 25.4
3 7.5 22.4 3 7.5 25.6 3 7.0 25.2 3 7.0 25.3
4 10.0 214 4 10 25.2 4 9.7 24.5 4 10 25.0
5 115 21.7 53 15 24.9 5 15.1 24.0 5 15 24.8
6 15 20.9 6 20 25.1 6 21.6 23.5 6 20 . (26.3) -
7 20 20.1
c—>0 23.2 c—>0 25.8 c—>0 259 c—>0 25.8
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Fig.1. Guinier plots of the scattering curves of Li-tRNAPhe
in 0.05 M citric acid|LiOH buffer, additional 0.1 M LiCl,
pH 7.5. The concentrations ¢ of tRNAFhe and the apparent

radii of gyration B (obtained from the slope of the straight-
lines) are also given in Table 1. 2 0 is the scattering angle

and I the slit-smeared scattered intensity

heavy cations Cs+ and Ba*+. Comparison of the
scattering curves of Ba-tRNA with and without the
addition of BaCl, shows that, while the dependence

of the R-values on the concentration is lessened by
the addition of 0.05 M BaCl,, the values obtained by
extrapolation to zero concentration are almost
identical. ' ’

In Table 2 the ions used and their atomic weights
are given, as well as the radii of gyration obtained
after slit-correction and extrapolation to zero con-
centration (see Fig.5). For comparison the R-value
which we found in our first investigations [18,19] of
tRNAPe yging a mixture of K+ and Mg*+ jons is
also given.

The tRNAPhe consists of 76 nucleotides. If one
assumes that one univalent cation belongs to the
phosphate group of each nucleotide and one more ion
to the phosphate group localized at the 5’ end of the
tRNA chain, 77 univalent ions would belong to each
tRNA molecule. Assuming further that these ions
belong to the molecule, the amounts of weight given

Fig.2. Guinier plots of the scattering curves of Cs-tRNAPhre

in 0.05 M citric acid|CsOH buffer, additional 0.1 M CsCl,

pH 7.5. The concentration of tRNAPhe and the apparent
radii of gyration are also given in Table 1

in Table 2 are to be added to the molecular weight
of the tRNAPhe of 24890 calculated from the
sequence. It seems that the radius of gyration in-
creases not with the equivalent weights of the
cations, but with their atomic weights since the
R-values obtained with Cs*+ and Ba++ ions are nearly
identical, as are also the atomic weights of the two
ions.

In Fig.6 the slit-corrected values of the radii of
gyration which we obtained are plotted against the
atomic weight of the cations used. The R-value
obtained with Cs+ or Ba++ as counterion is about
109/, higher than that obtained with Lit.

In order to estimate whether this increase in the
R-value is plausible, we carried -out the following
rough calculation. The tRNAPhe molecule was
approximated by a cylinder of axial ratio 1:2.5, and
it was assumed that, for example, 77 cesium ions per
tRNAPRe molecule were uniformly distributed in a
shell of 2 A thickness (the round value of the ionic
radius) around this cylinder. From this rough cal-
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Fig.3. Guinier plots of the scattering curves of Ba-tRNAPhe Fig.4. Guinier plots of the scattering curves of Ba-tRNAFhe

in 0.05 M Tris-buffer, pH 7.5. The concentrations of tRNAFhe in 0.05 M Tris-buffer, pH 7.5, additional 0.05 M BaCl,. The

and the apparent radii of gyration are also given in Table 1 concentrations of tRNAPhe gnd the apparent radii of
gyration are also given in Table 1

Table 2. Calculated molecular weights M and experimentally found radii of gyration R of iRNAPk¢(yeast) with various counter ions

1 2 3 4
ot My T :
' X
Lit 6.9 24800 + 534 = 25424 236
Cs* 133 24890 + 10230 = 35120 26.2
Batt 137 24800 + 5286 = 30176 26.3
K+ 39 24800 + 3011 = 27901
Mgt 24 24800+ 935 — 25825
Mg+t 4 K+ 2439 (25800—27900) 244

culation an increase in the B-value of 79/, results in no case be disregarded when polyelectrolytes (in
from the transition from Li-tRNA to Cs-tRNA. the present instance tRNA) are investigated in
solution. The work of Luzzati [8] and Bram [9] also
clearly shows the great influence of the ions on the
DISCUSSION cross-section of DNA molecules. Eisenberg and

The present work shows clearly that the influence Cohen [10] likewise indicate that very exact mea-

of the solvent, and especially that of the ions, must  surements are necessary in order to get a better
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Fig.5. Apparent radii of gyration R of tRNAPre, summarized
in Table 1, plotted against the concentration ¢ of tRNAPhe
by using the ions given above and the buf{ers given in the legends
of the Figs.1—4. [One R-value (in Table 1 in brackets) which
is by some reason affected with a greater error is not used

in this plot]
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Fig.6. Slit-corrected radii of gyration R of tRNAPhe plotied
against the atomic weight of the counterions used

overall view of the difficult problem of the ion and
water shell. :

The purpose of the work presented here was to
determine the change in the radius of gyration of
tRNAPhe under the influence of various cations. The

influence of the ions was considerable; the value of
R was, for instance, 23.6 A with Li* ions and 26.2 A
with Os+ ions. This increase in the R-value lies
roughly in the magnitude to be expected if ome
assumes that one univalent jon belongs to each
phosphate group. This assumption is also usually
made when experimental data are compared with
the data calculated from the atomic coordinates of a
proposed model. That this can be regarded only asa
rough approximation is shown by the fact that
the value of the radius of gyration is not dependent
on the equivalent weight but on the atomic weight
of the cation (see Table 2). If it were dependent on
the equilvalent weight a smaller R-value would be
expected for Ba++-tRNA than for Cst-tRNA. In
point of fact, however, we find almost the same R-
value for Cst- and Bat++-tRNA.

This result clearly shows that hydration must
also be an essential factor. Satisfactory theoretical
treatment of the structure of the water shell has
not yet been successful even with simple jons [7],
and, obviously, more complex polyelectrolytes will
present even greater problems.

Finally it should be noted that the type of solvent
used naturally influences not only the radius of
gyration and molecular weight but also the entire
scattering curve, especially the tail-end. It is thus
also difficult to carry out detailed determinations of
the conformation of the tRNA molecule by means of
comparison of the experimental curves with scatter-
ing curves calculated from the atomic coordinates.
We shall at present have to content ourselves with
obtaining an overall shape as long as the influence of
the counterions and hydration cannot be presicely
accounted for.
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